1. Introduction {#sec1-materials-11-00891}
===============

Solution (or liquid) plasma process (SPP, or LPP) and atmospheric pressure plasma (APP) are new useful and simple preparation methods of metal nanoparticles (NPs) because this nonequilibrium plasma can provide rapid reactions due to the reactive chemical species, i.e., radicals \[[@B1-materials-11-00891],[@B2-materials-11-00891],[@B3-materials-11-00891],[@B4-materials-11-00891],[@B5-materials-11-00891]\]. APP with low energy is affected by oxygen, nitrogen, and humidity in the atmosphere, as well as by its solvent and process gas \[[@B6-materials-11-00891]\]. However, SPP is only affected by solvent and process gas. Furthermore, in the case of SPP compared to APP method, high-energy radicals and a variety of reactive species are produced, thus resulting in directly synthesizing various NPs, such as metal \[[@B7-materials-11-00891],[@B8-materials-11-00891],[@B9-materials-11-00891],[@B10-materials-11-00891],[@B11-materials-11-00891],[@B12-materials-11-00891]\], alloy \[[@B13-materials-11-00891],[@B14-materials-11-00891],[@B15-materials-11-00891],[@B16-materials-11-00891]\], oxide \[[@B17-materials-11-00891],[@B18-materials-11-00891],[@B19-materials-11-00891],[@B20-materials-11-00891]\], silicon \[[@B21-materials-11-00891],[@B22-materials-11-00891]\], carbonaceous \[[@B23-materials-11-00891],[@B24-materials-11-00891],[@B25-materials-11-00891]\], and composites \[[@B26-materials-11-00891],[@B27-materials-11-00891]\]. Metal NPs are applicable to various fields including electronics, catalysts, optoelectronics, imaging, sensing, and medical fields. When using metal NPs, precise control of the size and shape is required as the characteristics of metal NPs vary greatly depending on their size and shape. Thus, many methods for synthesizing diverse sizes and shapes have already been developed, especially using chemical solutions. However, such methods involve complex processes and high costs \[[@B4-materials-11-00891],[@B5-materials-11-00891],[@B28-materials-11-00891]\]. However, synthesizing diverse sizes and shapes by using SPP and APP is very difficult because the plasma is easily affected by ambient conditions. Therefore, studies related to the sizes and shapes of NPs synthesized by SPP (or LPP) and APP remain in the early stage compared to other synthesis methods.

It is generally considered that electrical breakdown in liquid occurs via the formation of bubbles \[[@B26-materials-11-00891],[@B27-materials-11-00891]\]. As liquid plasma has various phases: liquid, gas (i.e., bubble) and plasma phases, the density of the plasma and reactive species during LPP can vary according to whether the discharge space consists of a gas--plasma interface or liquid--plasma. Thus, NPs synthesized using LPP require precise control of plasma parameters to obtain the desired NP properties and functionalities. However, controlling the size and shape of nanomaterials synthesized using LPP is very difficult as the discharge characteristics of liquid plasma are very sensitive to variations of gas bubble formations. This means that it would be not possible to control the size and shape of nanoparticles especially in the case of the in-liquid plasma process without precisely adjusting the gas bubble formations.

Gas bubbles in water are basically formed by vaporization due to Joule heating of the conduction current, implying that gas bubble formations can be significantly affected by adjusting the electrical pulsing methods, including voltage amplitude, while maintaining the other parameters, such as the boiling point, specific heat, conductivity, and liquid temperature \[[@B28-materials-11-00891],[@B29-materials-11-00891],[@B30-materials-11-00891]\]. That is, our idea is that the bubble formations can be controlled by adjusting the electrical pulsing methods, thereby resulting in enabling parameter control of the in-liquid plasma process for size- and shape-controlled synthesis of silver nanoparticles (Ag NPs).

Accordingly, this study monitored the bubble formation variation when adjusting the pulse width of the applied voltage waveform, and then investigated the resultant electrical and optical characteristics of plasma in deionized (DI) water depending on the bubble formation. As a result, Ag NPs with different sizes and shapes were synthesized depending on the bubble formation. Moreover, the experimental results confirmed the possibility of controlling the size and shape of synthesized Ag NPs by adjusting the gas bubble formation produced between two silver electrodes.

2. Materials and Methods {#sec2-materials-11-00891}
========================

2.1. Liquid Plasma Reactor and Measurement Setup {#sec2dot1-materials-11-00891}
------------------------------------------------

A cylindrical glass tube (O.D. = 20 mm and I.D. = 18 mm) with a height of 150 mm was used as the plasma reactor. Ultrapure water (DI water: Welgene Inc., Gyeongsan-si, Korea, resistivity: 18 M Ω∙cm) was also used. To synthesize Ag NPs using LPP, two Ag wires (Nilaco Co. Ltd., Tokyo, Japan) with a diameter of 0.5 mm, covered with polytetrafluoroethylene (PTFE) and a glass tube, were used as the electrodes, one on each side of the plasma reactor. The gap between the electrodes was set at 1 mm, and only the tip of each electrode, up to 1 mm, was immersed in the DI water. Bipolar pulses with an amplitude of 3.8 kV and frequency of 5 kHz were applied to the electrodes. The power source used to generate bipolar pulses with various pulse widths consisted of a high-voltage amplifier (20/20C-HS, Trek Inc., Lockport, NY, USA) and pulse generator (AFG-3102, Tektronix Inc., Beaverton, OR, USA).

2.2. Pulsing Method for Different Bubble Formations {#sec2dot2-materials-11-00891}
---------------------------------------------------

Three different bipolar pulse waveforms with different pulse widths were applied to the powered electrode to create different bubble formations, where the on-times were 20 μs for case I, 40 μs for case II, and 60 μs for case III. Increasing the pulse width of the voltage waveform meant increasing the supply of electrical energy in the water. Furthermore, since a longer pulse width implied a shorter off-period, the ensuing initial discharge was more likely to encounter a gas bubble-dominant state instead of a liquid-dominant state. Thus, it was expected that increasing the pulse width would help to improve the bubble sustainability prior to an ensuing discharge during continuous discharges.

2.3. Voltage-Current Measurement {#sec2dot3-materials-11-00891}
--------------------------------

To investigate the electrical characteristics, a high voltage probe (P6015A, Tektronix Inc., Beaverton, OR, USA) was connected to the powered electrode, while a current probe (Pearson Elec. Inc., Palo Alto, CA, USA) was connected to the grounded electrode.

2.4. Optical Emission Spectroscopy {#sec2dot4-materials-11-00891}
----------------------------------

The interactions between the plasma and the Ag electrodes during the LPP was investigated using optical emission spectrometer (Ocean Optics Inc., Dunedin, FL, USA) to measure the optical emission spectra via an optical guide installed on one side of the cylindrical glass tube.

2.5. ICCD Camera {#sec2dot5-materials-11-00891}
----------------

The temporal behavior of the bubble formations and optical emission intensities originating from the plasma were measured using an intensified charge-coupled device (ICCD) camera (PI-MAX 2, Princeton Instruments, Trenton, NJ, USA) with an exposure time ranging from 1 to 10 ms in a shutter mode. Specifically, the bubble formations were measured using an exposure time of 1 ms corresponding to 5 cycles when the visible backlight was turned on. Meanwhile, the optical emission intensities were measured using an exposure time of 10 ms corresponding to 50 cycles when the visible backlight was turned off.

2.6. High-Speed Camera {#sec2dot6-materials-11-00891}
----------------------

A high-speed camera (Phantom Miro C110, AMETEK, Wayne, NJ, USA) and lens (Nikon AF Nikkor 105 mm, 1:2.8 D, Nikon, Tokyo, Japan) were used at 1800 frames per second (256 × 512 resolution) with a 555.55 μs shutter time to record and estimate the take-off (formation) time of the gas bubbles relative to three different pulse widths.

2.7. Scanning Electron Microscopy {#sec2dot7-materials-11-00891}
---------------------------------

The Ag NP analysis was performed using field emission-scanning electron microscopy (FE-SEM: SU8220, Hitachi Korea Co. Ltd., Seoul, Korea). During the FE-SEM measurement, the suspension sample was dropped onto a Si wafer and the suspension evaporated.

2.8. Transmission Electron Microscopy {#sec2dot8-materials-11-00891}
-------------------------------------

The high-resolution (HR) transmission electron microscopy (TEM) images and selected area electron diffraction (SAED) patterns were taken with a Titan G2 ChemiSTEM Cs Probe (FEI Company, Hillsboro, OR, USA) transmission electron microscope, operating at 200 kV. A TEM sample of Ag nanoparticles was prepared by dropping suspension on carbon-coated copper grids. Energy dispersive X-ray spectroscopy (EDS) (FEI Company, Hillsboro, OR, USA) was also employed to validate the element composition and element spatial distribution of synthesized Ag nanoparticles.

2.9. Dynamic Light Scattering {#sec2dot9-materials-11-00891}
-----------------------------

The dynamic light scattering (DLS, Otsuka Electronics Co. Ltd., Osaka, USA) was used for size distribution measurement of Ag nanoparticles synthesized in water for three different cases.

2.10. Ultraviolet-Visible Light Spectroscopy {#sec2dot10-materials-11-00891}
--------------------------------------------

The ultraviolet-visible light spectroscopy (UV-Vis, BioSpectrometer, Eppendorf AG, Hamburg, Germany) was used for analysis of component and amount of Ag nanoparticles synthesized in water for three different cases at maximum absorption wavelength.

3. Results and Discussion {#sec3-materials-11-00891}
=========================

3.1. Variations in Discharge Characteristics According to Bubble Formation {#sec3dot1-materials-11-00891}
--------------------------------------------------------------------------

[Figure 1](#materials-11-00891-f001){ref-type="fig"} shows a schematic diagram of the liquid plasma reactor and measurement setup used in this study. Under these experimental conditions, as the formation of bubbles was difficult due to the low conduction current of DI water at room temperature, prior to initiating the LPP, the DI water was pre-heated to about 80 °C using a hot plate and then monitored using a thermometer. As a result, bubbles were easily formed from the DI water when applying the bipolar pulse. Furthermore, the bubble formations were changed depending on the width of the applied bipolar pulse, and the DI water temperature was observed to be increased above 90 °C due to plasma heating. LPP times were determined for the synthesis rate of Ag NPs relative to the pulse width. For cases I and II, the process times were 5 and 10 min, whereas, for case III, the process times were 10 and 20 min. In addition, two samples were prepared for each case to examine the color and turbidity of the suspensions, as well as the size and shape of the synthesized Ag NPs.

In a gas-discharge, priming particles can help initiate a discharge by reducing the ignition voltage \[[@B31-materials-11-00891]\]. That is, the presence of priming particles, such as remaining charged particles and radicals, prior to initiating a discharge, can reduce the breakdown voltage of a gas-discharge.

In a similar manner, when liquid plasma is produced, the types of bubble formation at the time of discharge initiation can determine the liquid plasma discharge characteristics. Thus, liquid plasma features can vary considerably depending on the bubble formation characteristics, such as the sizes and amount of bubbles between the two electrodes. Therefore, this study adjusted the bipolar pulse waveforms using different pulse widths to examine the effect on the bubble formation between the two electrodes.

[Figure 2](#materials-11-00891-f002){ref-type="fig"}a shows ICCD images of the bubble formations generated in the DI water when using three voltage waveforms with different pulse widths (case I: 20 μs, case II: 40 μs, and case III: 60 μs). As shown, case I generated lots of tiny bubbles between the two Ag electrodes. Case II generated larger bubbles than case I, yet the bubbles were only enveloped around the grounded electrode, which meant that the powered electrode was the only electrode exposed to the liquid water.

Finally, case III generated the largest bubbles, which were enveloped around both electrodes. High-speed images of the gas bubble formations induced by the underwater pulsed discharge with different pulse widths are shown in [Figure 2](#materials-11-00891-f002){ref-type="fig"}b. Movies of the bubble formation and corresponding bubble behavior were induced when adjusting the pulse width are included ([Videos S1, S2, and S3](#app1-materials-11-00891){ref-type="app"}). As shown, for case I, tiny bubbles were irregularly generated by Joule heating due to a high current spike between the two Ag electrodes \[[@B32-materials-11-00891],[@B33-materials-11-00891]\]. While this limited the measurement of a precise gas bubble formation time, the average formation time of one tiny bubble was 11.11 ms, corresponding to 111.11 half-pulses. For case II, the formation of one bubble was captured in 48 frames, meaning that the time required to form one bubble was 26.66 ms, corresponding to 266.66 half-pulses. For case III with a pulse width of 60 μs, the formation of one bubble was captured in 100 frames, meaning that the time required to form one bubble was 55.55 ms, corresponding to 555.55 half-pulses. When applying the voltage, this cycle was repeated in the context of continuous liquid and bubble motion. In case III, the volume of bubbles also increased despite a decreased electric current \[[@B32-materials-11-00891],[@B33-materials-11-00891]\].

The bubble formation time for case III was much longer than that for case II, indicating that larger bubbles were generated with a longer pulse width. Moreover, as the bubbles in case III had a longer take-off time, they also had a longer duration than the bubbles in cases I and II. [Figure 2](#materials-11-00891-f002){ref-type="fig"}c shows ICCD images (shutter mode) of the plasma intensities during the liquid plasma discharge for the three different cases. As previously described, the bubble formation was changed according to the pulse width, which meant variations in the plasma discharge initiation conditions based on the changes in the discharge space induced by the liquid--gas mix conditions between the two electrodes. As shown in [Figure 2](#materials-11-00891-f002){ref-type="fig"}c, in case I where both Ag electrodes were exposed to water, the breakdown voltage increased as the plasma was produced in the liquid-dominant space with lots of tiny bubbles between the two electrodes. In particular, the liquid plasma intensity in case I was very strong in the vicinity of both electrodes. In case II where only the powered electrode was exposed to water, a strong discharge was observed near the powered Ag electrode. Meanwhile, in case III where both electrodes were completely enveloped with gas bubbles so that neither electrode was exposed to water, the plasma intensity was observed to be weak. Thus, the experimental results of [Figure 2](#materials-11-00891-f002){ref-type="fig"} reveal that the liquid plasma characteristics strongly depend on the pattern of the gas bubble formation. That is, the liquid plasma intensity was found to be inversely proportional to the bubble size, so that the corresponding discharge intensity was weakened with an increase in the bubble size. Therefore, since the discharge features of the liquid plasma were significantly affected by the bubble formations, the synthesis of Ag NPs was also investigated based on the liquid plasma characteristics related to the three different bubble formations.

[Figure 3](#materials-11-00891-f003){ref-type="fig"}a shows the electrical model used to describe the plasma discharge region, where R~i~ is the leakage resistance, and C~w~ and R~w~ are the capacitance and resistance, respectively, of the DI water that can vary according to the liquid state. [Figure 3](#materials-11-00891-f003){ref-type="fig"}b shows the peak of breakdown voltage and corresponding discharge current (V~p~-I~p~) when applying the three different voltages with different pulse-on periods (20 μs for case I, 40 μs for case II, and 60 μs for case III) to the powered electrode.

As shown in [Figure 3](#materials-11-00891-f003){ref-type="fig"}b, in case I, after the first initial high voltage and current peaks, successive breakdown voltage and discharge current spikes followed immediately during the negative and positive half-cycles. In case II, successive breakdown voltages and discharge current spikes were observed during the negative half-cycle, yet not during the positive half-cycle. Finally, in case III, no successive voltages and current spikes were observed during either the negative or positive half-cycles. In general, since the streamer is propagated in the direction of the cathode, the occurrence of discharge current spikes during streamer propagation can vary depending on whether the streamer is propagated through a gas bubble dominant or liquid-dominant space. In the current experiment, the grounded electrode acted as the cathode during the positive-half cycles, while the powered electrode acted as the cathode during the negative-half cycles. Thus, in case I, liquid water comprised of tiny gas bubbles dominated the discharge space, causing the propagating streamer to experience a streamer hopping phenomenon \[[@B34-materials-11-00891],[@B35-materials-11-00891],[@B36-materials-11-00891]\]. As a result, current spikes were observed during both positive- and negative-half cycles. These current spikes mainly occurred due to an electric field enhancement at the bubble--liquid interface, giving rise to nascent electrons that created an avalanche process in the bubbles \[[@B34-materials-11-00891]\]. However, in case II where the gas bubbles were only enveloped around the grounded electrode, the streamer hopping phenomenon only occurred when the streamer propagated towards the powered electrode during a negative-half cycle. Meanwhile, in case III where both electrodes were completely enveloped with larger bubbles, the discharge space was located within gas bubbles, which resulted in no current spikes during either positive- or negative-half cycles.

[Figure 4](#materials-11-00891-f004){ref-type="fig"} shows the optical emission spectra (OES) for the plasma produced with three different bubble formations using an exposure time of 200 ms. As shown, in case I, the emission lines from hydrogen radicals (H~α~ at 656.3 nm and H~β~ at 486.1 nm) and oxygen radicals (O at 777 and 840 nm), originating from the dissociation of H~2~O, showed strong peaks. This indicates the production of relatively high amounts of hydrogen and oxygen radicals, which implies that, in case I, the plasma is produced in the discharge space with high amounts of liquid H~2~O between the two electrodes. As shown in case II of [Figure 4](#materials-11-00891-f004){ref-type="fig"}, the emission lines from hydrogen and oxygen radicals were decreased with an increase in the pulse width because the increased bubble size contributed to reducing the portion of liquid H~2~O in the space between the two electrodes during the plasma discharge. Finally, with a further increase in the pulse width of the applied voltage waveform in case III, the emission lines from hydrogen radicals and oxygen radicals were significantly weakened, indicating a considerable increase in the portion of bubbles in the space between the two electrodes during the plasma discharge. Moreover, the results in [Figure 4](#materials-11-00891-f004){ref-type="fig"} show that increasing the bubble sizes also increased the intensities of the emission lines at 328.06 and 338.28 nm, corresponding to neutral silver transitions, whereas the intensities of the emission lines at 520.91 nm and 546.55 nm, corresponding to neutral silver transitions, were only slightly changed.

3.2. Changes in Sizes and Shapes of Ag NPs According to Bubble Formations {#sec3dot2-materials-11-00891}
-------------------------------------------------------------------------

[Figure 5](#materials-11-00891-f005){ref-type="fig"} shows SEM images of the Ag NPs synthesized in cases I, II, and III. While spherical Ag NPs were synthesized in cases I and II, large size polygonal Ag nanoplates were synthesized in case III, indicating that the synthesis mechanism varied according to the bubble formation. Plus, in all cases, the sizes of the Ag NPs were increased by increasing the process time. [Figure 6](#materials-11-00891-f006){ref-type="fig"} shows TEM images of Ag NPs synthesized by SPP (or LPP). The average size distributions of the Ag particle sizes in cases I, II, and III were found to be in the range from 13 to 37 nm in [Figure 6](#materials-11-00891-f006){ref-type="fig"}a, from 36 to 53 nm in [Figure 6](#materials-11-00891-f006){ref-type="fig"}b, form 0.2 to 0.87 µm in [Figure 6](#materials-11-00891-f006){ref-type="fig"}c, respectively, which agreed well with the SEM results. As shown in [Figure 6](#materials-11-00891-f006){ref-type="fig"}, when the pulse width was increased, Ag nanoparticles sizes were increased. The SAED patterns of Ag NPs in all cases revealed the clear diffraction rings and spots of the polycrystalline characteristics. The SAED patterns indicated that the lattice spacings in [Figure 6](#materials-11-00891-f006){ref-type="fig"}a were 0.217 and 0.123 nm corresponding to (200) and (311) crystal planes of face-centered cubic (fcc) silver (International Centre for Diffraction Data (ICDD) card no. 03-065-2871), respectively. The lattice spacings in [Figure 6](#materials-11-00891-f006){ref-type="fig"}b were 0.24 and 0.127 nm corresponding to (111) and (311) crystal planes of fcc silver, respectively. The lattice spacings in [Figure 6](#materials-11-00891-f006){ref-type="fig"}c were 0.254, 0.149, and 0.099 nm corresponding to (111), (220), and (400) crystal planes of fcc silver, respectively \[[@B37-materials-11-00891],[@B38-materials-11-00891],[@B39-materials-11-00891],[@B40-materials-11-00891],[@B41-materials-11-00891]\]. The EDS patterns in the top-right insets of [Figure 6](#materials-11-00891-f006){ref-type="fig"}a--c show that these particles are silver. Accordingly, the proposed method of SPP with the three different bubble formations induced by adjusting the pulse widths can illustrate the possibility of controlling the size and shape of Ag NPs.

[Figure 7](#materials-11-00891-f007){ref-type="fig"} shows the color variations of the Ag NP suspensions according to the process time for each case ([Figure S1](#app1-materials-11-00891){ref-type="app"}). For case I, the Ag NP suspension was changed from clear to light-yellow to yellowish-brown during the process time. For case II, the Ag NP suspension was changed from clear to yellowish-brown to milky after a 10 min process time. However, for case III, the Ag NP suspension remained clear throughout the 20 min process time.

[Figure 8](#materials-11-00891-f008){ref-type="fig"} shows the UV-Vis absorption spectra for six Ag NP suspension samples and corresponding colors of the Ag NP suspensions. The absorption spectra for silver spherical nanoparticles suspended in water are already known to be near 400 nm and their peaks are red-shifted with an increase in the sphere size, which is mainly due to the surface plasmon resonance (SPR) phenomenon \[[@B11-materials-11-00891],[@B42-materials-11-00891]\].

[Figure 9](#materials-11-00891-f009){ref-type="fig"} shows the results of dynamic light scattering (DLS) measurement for cases I and II, respectively. In case I, the sizes of Ag NPs were ranged from 25 to 130 nm at the process time of 5 min. When the process time was increased to 10 min, their sizes were increased from 25 to 200 nm. In case II, when the process time was 5 min, their sizes were ranged from 30 to 350 nm, and the size distribution was widened, as shown in [Figure 9](#materials-11-00891-f009){ref-type="fig"}b. It is noted that the portion of the sizes larger than 100 nm is considerably increased when the process time is increased to 10 min, indicating that the uniformity of the size decreases while the size increases with an increase in the process time.

As shown by the SEM images in [Figure 5](#materials-11-00891-f005){ref-type="fig"} and TEM images in [Figure 6](#materials-11-00891-f006){ref-type="fig"}, the shapes of the Ag NPs synthesized in cases I and II were spherical, which was also confirmed by the UV-Vis absorption peaks for cases I and II in [Figure 8](#materials-11-00891-f008){ref-type="fig"}a. For cases I and II, the UV-Vis absorption peaks tended to be red-shifted with an increase in the process time. In case III, however, the shapes of the Ag NPs were plates, as shown by the SEM image in [Figure 5](#materials-11-00891-f005){ref-type="fig"} and TEM images in [Figure 6](#materials-11-00891-f006){ref-type="fig"}, and, therefore, the UV-Vis absorption spectra in [Figure 8](#materials-11-00891-f008){ref-type="fig"}a showed no peaks \[[@B33-materials-11-00891]\]. Plus, the Ag NP suspensions remained clear, as shown in [Figure 8](#materials-11-00891-f008){ref-type="fig"}b.

[Figure 10](#materials-11-00891-f010){ref-type="fig"} shows microscope and SEM images of changes in the Ag electrode tips after 10 min LPP with the three different bubble formations induced by adjusting the pulse width. As shown in [Figure 10](#materials-11-00891-f010){ref-type="fig"}a, in all cases, the Ag electrode lengths were reduced after treatment ([Figures S2 and S3](#app1-materials-11-00891){ref-type="app"}). Moreover, the powered Ag electrodes were more damaged than the grounded Ag electrodes probably because the streamer discharge plasma would cause the powered Ag electrode to be eroded or sputtered more severely due to the larger potential difference between the powered electrode and the liquid plasma medium. As shown in [Figure 10](#materials-11-00891-f010){ref-type="fig"}b, in cases I and II, the Ag electrode was severely eroded by being melted down, where the thermal damage was due to the high current, resulting in the synthesis of spherical Ag NPs, as shown in [Figure 5](#materials-11-00891-f005){ref-type="fig"}. Meanwhile, in case III, the Ag electrode showed a cracked surface, indicating both sputtering and melting induced by severe ion bombardment and thermal damage, respectively, as the Ag electrodes were completely enveloped by gas bubbles, as shown by the ICCD and bubble images in [Figure 2](#materials-11-00891-f002){ref-type="fig"}. As a result, large-size polygonal Ag nanoplates were synthesized from the cracked surfaces of the Ag electrode in case III. In conclusion, the proposed method of SPP with the three different bubble formations induced by adjusting the pulse widths can easily control the shape and size of metal NPs. When the pulse width was decreased, small size spherical NPs were generated with lots of tiny bubbles between the two Ag electrodes due to the produced erosion of electrode caused by the intense plasma produced. However, when the pulse width was increased, large size polygonal nanoplates were generated with large bubbles due to produced sputtering and melting of electrode induced by severe ion bombardment and thermal damage, as the electrodes were completely enveloped by large gas bubbles.

4. Conclusions {#sec4-materials-11-00891}
==============

When synthesizing Ag NPs using LPP, controlling the agent gas bubble generation between the two electrodes is very important. This study applied bipolar pulses with different pulse widths to Ag electrodes to produce three different bubble formations in the liquid plasma channel. The resulting changes in the electrical and optical emission characteristics of the plasmas generated according to the three different bubble formations were then examined using ICCD, a high-speed camera, OES, and V~p~-I~p~ measurement techniques. TEM and SEM images of the resulting Ag NPs revealed that spherical Ag NPs were synthesized either when very tiny bubbles were generated between two electrodes, or when large gas bubbles were enveloped around the grounded electrode, whereas Ag nanoplates were synthesized when both electrodes were completely enveloped with large gas bubbles. In conclusion, the gas bubble conditions were confirmed to play a significant role in the size-and shape-controlled synthesis of silver nanoparticles during LPP, and Ag nanoparticles with different sizes and shapes were successfully grown with different gas bubble formations induced by adjusting the pulse width of the bipolar voltage waveform.
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![Schematic diagram of liquid plasma reactor and measurement setup used in this study.](materials-11-00891-g001){#materials-11-00891-f001}

![(**a**) Intensified charge-coupled device (ICCD) images of bubbles; (**b**) detailed images of gas bubble formation times using high speed camera; and (**c**) ICCD plasma intensities during liquid plasma discharge when applying three different bipolar pulses in [Figure 1](#materials-11-00891-f001){ref-type="fig"} to powered electrodes (P), where G is grounded electrode.](materials-11-00891-g002){#materials-11-00891-f002}

![(**a**) Electrical model of liquid plasma region and (**b**) three voltage waveforms with related breakdown voltages and discharge currents (V~p~-I~p~) measured during one cycle with different on-times; 20 μs for case I, 40 μs for case II, and 60 μs for case III.](materials-11-00891-g003){#materials-11-00891-f003}

![Optical emission spectra (OES) for plasma generated by three bubble formations shown in [Figure 2](#materials-11-00891-f002){ref-type="fig"} with exposure time of 200 ms.](materials-11-00891-g004){#materials-11-00891-f004}

![Scanning electron spectroscopy (SEM) images of synthesized Ag nanoparticles (NPs) through solution plasma process (or liquid plasma process) SPP (or LPP) for three cases.](materials-11-00891-g005){#materials-11-00891-f005}

![Transmission electron microscopy (TEM) images in (**a**) case I, (**b**) case II, and (**c**) case III. Top-right corner insets in (**a**--**c**) are energy dispersive X-ray spectroscopy (EDS). Bottom-left corner insets in (**a**--**c**) are selected area electron diffraction (SAED) patterns of synthesized Ag NPs for three cases.](materials-11-00891-g006){#materials-11-00891-f006}

![Color changes of Ag NP suspensions for three different cases according to plasma process time.](materials-11-00891-g007){#materials-11-00891-f007}

![UV-Vis absorption spectra for six different Ag NP suspensions prepared by LPP: (**a**) UV-Vis absorption spectra and ((**b**) inset) corresponding colors of Ag NP suspensions.](materials-11-00891-g008){#materials-11-00891-f008}

![Dynamic light spectroscopy (DLS) measurement of synthesis Ag NPs (**a**) case I and (**b**) case II.](materials-11-00891-g009){#materials-11-00891-f009}

![(**a**) Microscope and (**b**) SEM images of changes in Ag electrode tips exposed to discharges after 10-min LPP with three different bubble formations induced by adjusting pulse width.](materials-11-00891-g010){#materials-11-00891-f010}
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